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Coregulators for nuclear receptors (NR) are factors that either enhance or repress their transcriptional
activity. Both coactivators and corepressors have been shown to use similar but functionally distinct NR inter-
acting determinants containing the core motifs LxxLLL. and ®xx®®P, respectively. These interactions occur through
a hydrophobic cleft located on the surface of the ligand-binding domain (LBD) of the NR and are regulated by
ligand-dependent activation function 2 (AF-2). In an effort to identify novel coregulators that function inde-
pendently of AF-2, we used the LBD of the orphan receptor RVR (which lacks AF-2) as bait in a yeast two-
hybrid screen. This strategy led to the cloning of a nuclear protein referred to as CIA (coactivator independent
of AF-2 function) that possesses both repressor and activator functions. Strikingly, we observed that CIA not
only interacts with RVR and Rev-ErbA« in a ligand-independent manner but can also form complexes with
estrogen receptor alpha (ERa) and ERp in vitro and enhances ER« transcriptional activity in the presence of
estradiol (E,). CIA-ER« interactions were found to be independent of AF-2 and enhanced by the antiestrogens
EM-652 and ICI 182,780 but not by 4-hydroxytamoxifen and raloxifene. We further demonstrate that CIA-ERa
interactions require the presence within CIA of a novel bifunctional NR recognition determinant containing
overlapping LxxLL and ®xx®® motifs. The identification and functional characterization of CIA suggest that

hormone binding can create a functional coactivator interaction interface in the absence of AF-2.

Nuclear receptors belong to a superfamily of transcription
factors that modulate hormone-regulated physiological path-
ways involved in reproduction, development, growth, and me-
tabolism (38). Members of the nuclear receptor superfamily
have been shown to possess the dual ability to activate and
repress the expression of target genes through the recruitment
of coactivators and corepressors (reviewed in references 21
and 41). These regulatory proteins associate mostly in a ligand-
dependent manner with the ligand-binding domain (LBD)
of the receptor. A short helical motif that is located at the
C-terminal end of the LBD and is referred to as activation
function 2 (AF-2) has been shown to play a central role in
coregulator-receptor interaction, as its integrity is essential for
ligand-dependent coactivator binding (12, 18, 31, 50) whereas
its deletion favors corepressor binding (52, 66). Comparative
analysis of the crystal structures of several unliganded and
liganded nuclear receptors has revealed that the AF-2 helix
appears to take a distinct configuration in the presence of
ligand, suggesting that ligand binding modified the conforma-
tion of the LBD and promotes the recruitment of coactivators
through the formation of a novel interacting surface (reviewed
in reference 42).

A large number of coactivators have been characterized to
date. These proteins generally possess multiple functional do-
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mains which cooperate to maximize receptor activity through
diverse mechanisms. These include making direct contacts with
chromatin remodeling complexes, the basal transcription ma-
chinery, and the p300/CBP cointegrators, as well as exercising
their own enzymatic activities, such as ubiquitin ligase, ATPase,
protease, kinase, and histone acetyltransferase (reviewed in
references 21 and 41). On the other hand, the precise function
of several coactivators remains to be elucidated. A more lim-
ited number of potential nuclear receptor corepressors have
also been identified (8, 10, 26, 51, 65). Of these, N-CoR and
SMRT, which are related, have been shown to encode large
proteins containing autonomous repressor domains involved in
both adapter-dependent and -independent recruitment of his-
tone deacetylases (24, 28, 32, 43).

The ligand-dependent interaction between coactivators and
nuclear receptors has been shown to be mediated by a helical
motif consisting of the sequence LxxLL (where L is leucine and
x is any amino acid) (23, 35), referred to as the NR box (14, 16)
or the LXD motif (40). The specificity of interaction between
a given coactivator and various nuclear receptors may depend
on the number, the appropriate spacing, and especially the
sequences surrounding each NR box (14, 40). These motifs
interact with a region on the surface of the nuclear receptor’s
LBD that forms a hydrophobic cleft (18, 37). It consists of a
surface shaped by helices 3, 5, 6, and 12 (AF-2) of the LBD
which makes direct contacts with the LxxLL helical motifs
present in coactivators. This interacting determinant becomes
functional when the cognate ligand binds the LBD, an event
that repositions the AF-2 helix and results in the formation of
the complete interaction surface. Recently, it has been shown
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that nuclear receptors interact with the corepressors N-CoR
and SMRT via a similar mechanism (27, 44, 47). Each core-
pressor interaction domain possesses a core helical motif with
the consensus sequence ®xx®®P, where & is a hydrophobic
residue. It has also been proposed that the length of these
helices present in corepressors is extended in comparison with
that of the coactivator LxxLL helices, therefore providing a
molecular basis for the discrimination by the liganded recep-
tors between these two classes of regulatory proteins (47). The
corepressor helical motifs apparently recognize either the
same or an overlapping site that participates in coactivator NR
box binding to nuclear receptors. This observation suggests
that competition between corepressors and coactivators for a
common binding site on nuclear receptors is an important
component of hormone signaling.

The steroid hormone 17B-estradiol (E,) is essential for the
normal development and maintenance of reproductive func-
tions and also plays important roles in neural, bone, and car-
diovascular physiology (13). In particular, this hormone regu-
lates the growth and development of the mammary gland and
can stimulate the proliferation of breast cancer cells (15). Con-
sequently, considerable efforts have been made to develop
potent antiestrogens that could act as therapeutic agents for
the treatment and possible prevention of breast cancer (re-
viewed in reference 30). However, while antiestrogens such as
4-hydroxytamoxifen (OHT) behave as antagonists in the
breast, these molecules often induce estrogen-like effects in the
uterus and other peripheral tissues. These compounds were
shown to display agonistic properties in both cell type- and
promoter-specific manners in transient-transfection assays us-
ing cloned receptors (5, 39, 46, 64). Synthetic ligands that
display such diversity in their action are currently referred to as
selective estrogen receptor (ER) modulators (SERMs). While
the molecular basis of tissue- and gene-specific effects of
SERMs is not completely understood, structural analysis of
diethylstilbestrol-, OHT-, and raloxifene (RAL)-bound ERa
revealed that each compound induces a specific helix 12 con-
formation (7, 53). In particular, the bulkier side chains present
in OHT and RAL prevent the AF-2 helix from folding nor-
mally and reposition it to the site of coactivator interaction,
thus prohibiting coactivator binding (7, 53). These findings
suggest that SERM-induced changes in the conformation of
the LBD may indeed result in the formation of novel surfaces
that could promote interactions with specific sets of coactiva-
tors and corepressors.

Among members of the superfamily of nuclear receptors
exists a class of receptors whose discovery preceded the iden-
tification of their cognate ligands and which are therefore
referred to as orphan receptors. The identification of orphan
receptors and the further characterization of both their modes
of action and physiological roles, as well as the identification of
their ligands, have greatly contributed to our understanding of
the molecular mechanisms underlying nuclear receptor signal-
ing and unveiled several novel hormone response systems (re-
viewed in references 19 and 33). Although AF-2-mediated
coactivator interaction plays an important role in nuclear re-
ceptor transactivation, this mechanism may not be unique, as
some orphan members of the nuclear receptor superfamily
lack AF-2 (reviewed in reference 19). In an effort to identify
novel potential coactivators that function independently of
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AF-2, we performed a yeast two-hybrid screen using the LBD
of RVR (NR1D2), an orphan nuclear receptor lacking AF-2
(49). Here we report the identification of a novel coactivator
for nuclear receptors referred to as CIA. In addition to its
interaction with RVR, CIA displayed specific ligand-inducible
interaction and coactivator activity with ERa (NR3A1) and
ERB (NR3A2). Delineation of the molecular determinants of
CIA-ERa binding revealed that AF-2 is also dispensable for
ligand-dependent interaction. We further demonstrate that
CIA-ERa interaction requires the presence within CIA of a
novel nuclear receptor recognition determinant containing
overlapping ®xx®® and LxxLL motifs. Finally, CIA-ER« in-
teractions were found to be differentially regulated by SERMs.

MATERIALS AND METHODS

CIA isolation and interaction assay in yeast. Saccharomyces cerevisiae Y190
[MATa gal4 gal180 his3 trpI1-901 ade2-101 ura3-52 leu2-3,112 URA3::GAL—lacZ
LYS2::GAL(UAS)—HIS3 cyh] (a gift from Stephen Elledge) containing bait
plasmid pAS1-RVR (amino acids [aa] 286 to 509) was transformed with a human
fetal kidney library (19 to 23 weeks) (MATCHMAKER Library; Clontech, Palo
Alto, Calif.) and plated on SD medium lacking tryptophan, leucine, and histidine
and containing 50 mM 3-aminotriazole (17). His" colonies having B-galactosi-
dase activity, as determined by a filter lift assay, were further characterized via
standard techniques (3). The library plasmids were recovered by isolating total
yeast DNA, electroporated into Escherichia coli HB101, and isolated on a min-
imal medium lacking leucine and containing ampicillin. For the interaction
assays, CIA was retransformed into Y190 and mated to strain Y187 (MATa
gal4 gal80 his3 trp-901 ade2-101 ura2-3,112 met URA3::GAL—lacZ; a gift from
Stephen Elledge) containing various baits (SNF1, lamin, CDK1, p53, hERRa
[NR3B1], rERRB [NR3B2], hRevErbAa [NR1D1], mRVR, hGR [NR3C1], and
hRARa [NR1B1]). The baits were assayed for transactivation using pGAD-CIA
as described elsewhere (36).

Plasmid constructs and reagents. To construct the yeast two-hybrid bait,
pCMXmRVR (described in reference 49) was digested with BstXI, end filled
with Klenow, and further digested with BamHI. The 1.2-kb fragment containing
the LBD was subcloned into pAS1 (17) digested with Ncol, end filled with
Klenow, and digested with BarnHI. pCMXhCIA was constructed by PCR using
forward oligonucleotide (introducing a consensus start site [underlined]) 5'-
ACGGAATTCGTACCATGGCGCCTTTGTCCTACGGC-3" and reverse oli-
gonucleotide 5'-GCGCGAATTCTCAGTAATGCCTCTGGTA-3'. The PCR
product was digested with EcoRI and cloned into pCMX. Expression plasmid
pGFPhCIA was constructed as follows. pPCMXhCIA was digested with EcoRI,
and a fragment containing the CIA open reading frame (ORF) was cloned into
pEGFP-C2 (Clontech) digested with EcoRI. pGSTmRVR was constructed by
cutting pPCMXmRVR with Ncol and BamHI, end filling with Klenow, and clon-
ing the insert into Smal-cut vector pGEX-2T (Pharmacia Biotech). All of the
glutathione S-transferase (GST)-RVR LBD deletions were constructed as fol-
lows. A PCR using specific 5" and 3’ oligonucleotides was performed, and the
products were digested with BamHI and Mfel. The fragments were cloned
between the BamHI and EcoRI sites of the pGEX-2T vector. pGSThCIA was
constructed as follows. pPCMXhCIA was digested with BamHI and Asp718I and
end filled with Klenow, and the 1,030-bp fragment was cloned into the Smal site
of pGEX-3X (Pharmacia Biotech, Piscataway, N.J.). The various Gal4 DNA-
binding domain (DBD)-CIA fusion proteins were generated as follows. Frag-
ments of CIA were PCR amplified using VENT DNA polymerase (NEB, Bev-
erly, Mass.), with specific primers that included new unique restriction sites at
both the 5" and 3’ ends (SacI and EcoRI, respectively). PCR fragments were then
digested with Sacl/EcoRI and cloned into the corresponding sites of pCMX-
Gal4(DBD). The pCMX, pCMXhER«, TKLuc, 2C-vERE-TKLuc, pS2-Luc, and
PS2(AERE)-Luc reporters were all previously described (58), as well as the
mouse mammary tumor virus (MMTV)-Luc construct (25). 3C-TREPal-TKLuc
was constructed by cloning three copies of a TREpal (61) consensus oligonucle-
otide between the HindIIl and BamHI sites of TKLuc. All of the hERa and
hCIA mutants were constructed by PCR site-directed mutagenesis using Pfu
polymerase (Stratagene, La Jolla, Calif.), and the smallest possible fragment
containing the mutation(s) was sequenced, cut out, and reinserted into the
template plasmid to eliminate the risk of undesired mutations. The integrity of
each construct described here was confirmed by DNA sequencing. SRC-1 was a
gift of Joe Torchia, University of Western Ontario, London, Ontario, Canada.
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E,, all-trans retinoic acid, 3-iodothyroxine, progesterone, and dexamethasone
were all obtained from Sigma Chemical Co., St. Louis, Mo. 1,25-Dihydroxyvita-
min D was a generous gift of Alain Moreau, Institut de Recherches Cliniques de
Montréal, Montréal, Québec, Canada. EM-652 and ICI 182,780 were synthesized
in the medicinal chemistry division of the Laboratory of Molecular Endocrinol-
ogy, CHUL Research Center, Québec, Québec, Canada. OHT was kindly pro-
vided by D. Salin-Drouin, Besins-Iscovesco, Paris, France.

Protein expression. The various bait protein constructs were transformed in
either E. coli DH5a (GSTmRVR LBD) or BL21DE3pLysE (GSThCIA), and
protein expression was induced with 0.4 mM isopropyl-B-p-thiogalactopyrano-
side (IPTG) at 37°C for 3 h (0.05 mM IPTG in the case of GSThCIA [LXXAA]).
Bacterial extracts were prepared via sonication (DH5a) or freeze-thaw cycles
(BL21DE3pLysE). The extracts were aliquoted in an ethanol-dry ice bath and
stored at —80°C.

Cell culture and transfection. COS-1 and HeLa cells were obtained from the
American Type Culture Collection. Cells were routinely cultured in Dulbecco’s
minimal essential medium (DMEM) containing penicillin (25 U/ml), streptomy-
cin (25 U/ml), and 10% fetal calf serum (FCS) at 37°C with 5% CO,. Twenty-
four hours prior to transfection, the cells were split and seeded into 12-well
dishes. At this stage, the medium was changed for phenol red-free DMEM
supplemented with antibiotics and 10% charcoal-dextran-treated FCS. Cells
were transfected using the calcium phosphate-DNA coprecipitation method
(20). Typically, 0.5 wg of reporter plasmid, 0.2 pg of the internal control
(pPCMVBGal), 50 ng of receptor expression vector, 100 ng of coactivator expres-
sion vector, and carrier (Bluescript pKS II, to a total of 1 pg per well) were added
to the cells. After 12 to 14 h, cells were washed twice with phosphate-buffered
saline and treated with either 10~® M E, or carrier (ethanol) for 24 h in phenol
red-free DMEM supplemented with 10% stripped FCS. Cells were then washed
and harvested in potassium phosphate lysis buffer containing 1% Triton X-100.
Luciferase and B-galactosidase assays were performed as previously described
(56). All of the transfection results presented here are averages of at least two
independent experiments performed in triplicate. Green fluorescent protein
(GFP) and CIAhGFP intracellular localization experiments were conducted as
follows. At 24 h prior to transfection, HeLa cells were seeded into a six-well dish
with DMEM supplemented with 10% FCS. GFP or CIA-GFP was transiently
transfected at 2 pg per well using calcium phosphate-DNA coprecipitation. After
transfection, cells were washed twice with phosphate-buffered saline and incu-
bated in fresh medium for several hours. Pictures were taken using a charge-
coupled device camera mounted on a Zeiss Axiovert-135 microscope. Image
capture and analysis were performed via Northern Eclipse software (EMPIX).

Northern blotting. Total RNA was collected from different tissues of 17.5-day
postcoitus mouse embryos and processed with TRIZOL reagent (Life Technol-
ogies, Gaithersburg, Md.). Poly(A)" RNA was prepared using a QuickPrep
Micro mRNA purification kit (Pharmacia Biotech). The samples were separated
by electrophoresis in a 1% agarose-0.4% formaldehyde-1X MOPS (morpho-
linepropanesulfonic acid) gel and transferred onto a nylon membrane (Hybond
N; Amersham Life Sciences, Amersham, United Kingdom) in 20X SSC buffer
(1x SSC is 0.15 M NaCl and 0.015 M Nagcitrate + 2H,O at pH 7.0). The RNA
was UV cross-linked to the membrane and then prehybridized at 42°C for 1 h in
a buffer containing 50% formamide, 5X SSPE (1x SSPE is 0.15 M NaCl, 0.01 M
NaH,PO, - H,O, and 1 mM EDTA at pH 7.4), 5X Denhardt’s solution, 1%
glycine, and 100 mg of denatured salmon sperm DNA ml~'. After prehybrid-
ization, the membranes were hybridized overnight at 42°C in a solution of 50%
formamide, 5X SSPE, 1X Denhardt’s solution, 0.3% sodium dodecyl sulfate
(SDS), 10% (wt/vol) dextran sulfate, 100 mg of denatured salmon sperm DNA
ml~!, and 6 X 10° cpm of 3>P-labeled probe ml~!. Membranes were then washed
as follows: 2X SSC-1% SDS at 55°C for 20 min, followed by 0.2X SSC-0.1%
SDS for 20 min at 55°C and for another 20 min at 65°C. They were then
autoradiographed at —80°C on X-Omat film (Eastman Kodak Company, Roch-
ester, N.Y.).

GST pull-down assays. Fusion proteins were incubated with glutathione-
Sepharose beads (Pharmacia Biotech) for 20 min at 4°C. The beads were then
centrifuged, washed four times with GST-binding buffer containing 20 mM
HEPES (pH 7.9), 150 mM KCI, 5 mM MgCl,, 0.1% 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonate (CHAPS), 0.1 mM phenylmethylsulfonyl
fluoride, and 1 uM leupeptin. Beads were then resuspended in 150 pl of GST-
binding buffer with bovine serum albumin (BSA) at 20 j.g ml™~", the appropriate
hormone (or carrier), and 5 pl of in vitro-translated protein using TNT rabbit
reticulocyte lysate (Promega, Madison, Wis.). The reaction mixtures were incu-
bated for 1 h 30 min at 4°C with mild agitation. The complexes were then
centrifuged and washed in GST-binding buffer, twice with BSA at 20 pg ml™!
and twice without BSA. Samples were then resuspended in 2X SDS sample
buffer and boiled for 5 min prior to separation by standard SDS-10% polyacryl-
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amide gel electrophoresis. Gels were then fixed, treated with the fluorographic
reagent Amplify (Amersham Life Sciences), dried, and autoradiographed at
—80°C on X-Omat film. To ensure the presence of equal amounts of bait
proteins, purified extracts from the various baits were previously separated by
SDS-PAGE, stained with Coomassie blue, and compared. Equivalent amounts of
bait proteins were then used for each pull-down experiment.

Nucleotide sequence accession number. The GenBank accession number of
the CIA clone sequence reported here is AF230533.

RESULTS

Identification of CIA. In an effort to identify novel coregu-
latory proteins that would act independently of AF-2, we used
the LBD of RVR, an orphan nuclear receptor with no AF-2
(49), as bait in a yeast two-hybrid screen. A standard procedure
was followed (11), and several cDNA clones were obtained
from a human fetal kidney library. One of the clones whose
interaction with RVR was potent and specific in the standard
yeast liquid B-galactosidase assay (data not shown) and whose
ORF encoded a novel protein was chosen for further studies.
Sequencing of this 2,155-bp clone revealed a long ORF (620
amino acids) starting at the 5’ end of the DNA fragment (Fig.
1A). Since extensive screening using pairs of exonic primers
(Genome Systems, St. Louis, Mo.) and rapid amplification of
cDNA ends did not generate a clone with a longer 5’ end, we
assume that the encoded protein starts at the first methionine
residue (position 43). Sequence comparison studies failed to
reveal significant homology with known proteins. However, as
shown in Fig. 1A and B, two identifiable features are present in
the OREF: (i) overlapping LxxLLL and ®xx®® helices (boxed in
Fig. 1A, discussed below) recently shown to mediate nuclear
receptor-coactivator and -corepressor interactions, respec-
tively, and (ii) an amino-terminal arginine- and aspartic acid-
rich region (RD-rich region, underlined in Fig. 1A). A similar
but shorter RD-rich domain is also found in the coactivator
TRAP220/DRIP205 (48, 60). On the basis of its interaction
with an orphan receptor lacking AF-2 and other characteristics
that will be discussed below, we named this clone CIA (coac-
tivator independent of AF-2).

Tissue expression and cellular localization of CIA. In order
to determine if CIA expression exhibits tissue specificity, we
performed Northern blot assays using poly(A)" mRNA ex-
tracted from various tissues of a fetal (embryonic day 17.5)
mouse. As shown in Fig. 2A (top), we observed expression of
mouse CIA mRNA in all of the tissues tested. The level of
expression was very low in embryonic liver but high in the heart
and kidneys. Note the presence of two transcripts in the em-
bryonic kidney (lane 5). The difference between the two tran-
scripts is about 700 nucleotides and is due to the use of an
alternative polyadenylation signal, which can be found on ex-
pressed sequence tag clones (data not shown).

To assess the intracellular localization of CIA, transient-
transfection experiments were performed with HeLa cells us-
ing a fusion of GFP with the entire ORF of CIA. GFP alone
was distributed evenly throughout the cell (Fig. 2B, part ii),
whereas the CIA-GFP fusion protein was restricted to the
nucleus (Fig. 2B, part iv). Similar results were obtained when
the experiments were performed with COS-1 cells (data not
shown). Therefore, the CIA-GFP fusion protein is strictly nu-
clear when transfected into mammalian cells.
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IQSLINLL

FIG. 1. CIA clone sequence and features. (A) The sequence ob-
tained from human fetal kidney cDNA is 2,155 bp long and contains a
620-aa ORF. The arginine- and aspartic acid-rich region is underlined,
and the overlapping LxxLL and ®xx®® nuclear receptor interaction
motifs are boxed. The first putative methionine is in bold, and the
amino acid residues preceding it are noncapitalized. Nucleotides are
numbered on the right. (B) Schematic representation of CIA. The
arginine- and aspartic acid-rich region (R/D) of the protein is repre-
sented by the gray box, and the location of the overlapping ®xx®® and
LxxLL motifs is indicated by the black box.

In vitro interaction of CIA with nuclear receptors. To con-
firm the interaction of CIA with RVR previously observed in
yeast, in vitro GST pull-down experiments were performed. As
expected from the screening interaction, in vitro-translated,
[**S]methionine-labeled CIA interacted with both the GST-
LBD-RVR and GST-RVR fusion proteins (Fig. 3A). To test
whether the observed interaction was specific to RVR, a GST
fusion protein containing aa 55 to 395 of CIA, sufficient to bind
RVR (data not shown), and including the putative nuclear
receptor interacting motifs was used to perform pull-down
experiments in combination with in vitro-translated, [>*S]me-
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thionine-labeled nuclear receptors (Fig. 3B). The GST-CIA
fusion protein did not interact with T;Ra, RARa, or VD;R in
the presence or absence of the cognate ligand. The fusion
protein also did not interact with the steroid receptors GR and
PR. No interaction was observed when the GST-CIA fusion
protein was tested with other nuclear receptors not shown

A e
f 9 &
&R

3.7 kb »
3.0 kb -»

FIG. 2. Expression and intracellular localization of CIA. (A, top)
Northern blot of poly(A)* mRNA from 17.5-day postcoitus mouse
embryos, probed with the human CIA cDNA clone showing expression
of a 3.7-kb mRNA in the heart, brain, lung, kidneys, and spleen. Note
the presence of a second 3-kb mRNA in the kidneys. (A, bottom) A
-actin probe was used as control for mRNA integrity. Equal loading
was assessed via ethidium bromide staining (not shown). (B) CIA is
localized to the nucleus. Phase-contrast (i and iii) and fluorescence (ii
and iv) pictures of HeLa cells transiently transfected with pGFP (i and
ii) and pGFPhCIA (iii and iv) expression vectors.
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FIG. 3. CIA in vitro interaction shows specificity for RVR and
ERa. (A) [**S]methionine-labeled CIA interacts in vitro with the GST-
RVR LBD (lane 3) and full-length GST-RVR (lane 4) but not with the
GST control protein (lane 2). The input represents 10% of the labeled
CIA used in the assay (lane 1). (B) [**S]methionine-labeled ER«
specifically interacts in both ligand-independent and -dependent fash-
ions with GST-CIA. The assay was performed in the presence of either
1077 M E, (lanes 22 and 24) or the vehicle (ethanol, lane 23). None of
the other nuclear receptors tested, including TRa, RARa, VD;R, PR,
and GR, demonstrated any interaction with GST-CIA (lanes 1 to 20)
either in the absence or in the presence of the appropriate ligands
(T5Ra, 3-iodothyronine at 107 M; RARaq, all-frans retinoic acid at
10~% M; VD5R, 1,25-dihydroxyvitamin D5 at 1077 M; PR, progester-
one at 10”7 M; GR, dexametasone at 10~7 M). (C) Interaction between
CIA and ERa requires the C-terminal portion of ERa. Full-length
[>*S]methionine-labeled ER« proteins and the same protein with the
amino-terminal domain truncated (CDEF«) or the carboxy-terminal
domain truncated (ABCa) were incubated with GST-CIA. Pull-down
assays were performed as described in Materials and Methods.
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here: the mineralocorticoid receptor, RXRa, T;RB, and the
more closely related orphan nuclear receptor RORa (NR1F1).
Strikingly, the GST-CIA fusion protein interacted with ERa
(Fig. 3B, bottom) and ERP (data not shown), and these inter-
actions were greatly enhanced in the presence of E,. There-
fore, CIA shows in vitro specificity of interaction for two dis-
tinct classes of nuclear receptors: the classic steroid receptors
ERa and ERB and the orphan nuclear receptors RVR and
Rev-erbAa (data not shown).

To further probe the CIA interaction with ERa, we con-
structed N-terminal and C-terminal truncated versions of ERa
and tested them for the ability to interact with CIA in vitro
(Fig. 3C). Ligand-dependent interaction of CIA with the LBD-
containing C-terminal construct of ERa (CDEFa) appeared to
be more potent than with the wild-type receptor (compare
lanes 7 and 8 to lanes 3 and 4). Conversely, the N-terminal
construct of ERa (ABCa) did not interact with CIA. These
results show that CIA interaction with ERa occurs through the
C-terminal extremity of the receptor, in a manner similar to
binding to RVR.

CIA is a specific transcriptional coactivator of ERa. To test
the possibility that CIA acts as a coactivator for ERa, tran-
sient-transfection experiments were performed with COS-1
cells (Fig. 4). When cotransfected with various nuclear recep-
tors in the presence of their ligands, CIA was only able to
potentiate ER« transcriptional activity on a reporter gene
driven by the thymidine kinase (TK) promoter linked to two
copies of the consensus vitellogenin estrogen response element
(VERE) by approximately twofold. Conversely, CIA was un-
able to influence either T;Ra or PR transcriptional activity on
the TREpTK and MMTYV promoters, respectively (Fig. 4A).
We then tested the ability of CIA to potentiate ERa transcrip-
tional activity on a natural promoter. The pS2 promoter has
been shown to contain a classical inverted palindromic ERE
that is essential for ER binding and responsiveness to E, (6).
As shown in Fig. 4B, the addition of CIA to ERa leads to a
sharp increase in transcriptional activity in the presence of E,.
Figure 4B also shows that the induction of the pS2 promoter by
the ERa-CIA combination is totally dependent on the pres-
ence of an intact ERE. Taken together, these results confirm
the specificity of interaction of CIA for ERa observed previ-
ously in GST pull-down assays and clearly indicate that CIA is
a potent transcriptional coactivator of ERa.

Activation and repression function of CIA. Coactivators can
possess an autonomous activation function and/or recruit oth-
er coregulatory factors. Using fragments of CIA fused to the
Gal4 DBD (Fig. 5A), we tested whether such an autono-
mous activation function is present within CIA. Unexpectedly,
CIA**-%2° which contains the whole coding region downstream
of the putative ATG fused to the Gal4 DBD, displayed repres-
sor activity (Fig. 5B). Given the coactivator function previously
observed in cotransfection with ERa (Fig. 4), this result sug-
gests that CIA may act as both a coactivator and a corepressor,
depending on how CIA is brought into the proximity of the
transcriptional unit. Further deletion analysis revealed a com-
plex structure-function relationship within CIA. Results shown
in Fig. 5 suggest that the region surrounding the R/D domain
possesses repressor activity while the carboxy-terminal region
of CIA, on its own, has transcriptional activation potential.
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FIG. 4. CIA is a potent and specific ERa transcriptional activator.
(A) A luciferase reporter gene linked with various hormone-respon-
sive promoters (2C-vERE-TKLuc, 3C-TREpal-TKLuc, and MMTV-
Luc) was transfected into COS-1 cells along with expression vectors for
CIA, ERa, TRa, and PR in the combinations shown. Results are
expressed as fold induction over the reporter alone in the presence of
the appropriate ligand (ERa, 1078 M E,; TR, 107® M 3-iodothyro-
nine; PR, 10~® M progesterone). (B) Ligand-dependent activation of
ERa on the pS2-Luc reporter gene is enhanced by cotransfection of
CIA. No effect of CIA is observed on the pS2 promoter when its ERE
site is mutated (pS2-Luc AERE).

CIA contains a bifunctional interacting determinant (BID)
for nuclear receptor recognition. Comparison of the amino
acid sequence of the CIA region (aa 53 to 395) that is required
to bind to RVR and ERa with a series of previously charac-
terized coactivator- and corepressor-nuclear receptor recogni-
tion sequences revealed the presence of overlapping corepres-
sor (PxxP®P) and coactivator (LxxLL) binding motifs in CIA
(Fig. 6A). This unique characteristic of CIA may partially
explain our observation that CIA interacts with ERa in both
ligand-independent and -dependent manners and with RVR
which is devoid of an AF-2 helix. To test this hypothesis, we
introduced point mutations into both the LxxLL and ®xxdd
helices and assayed for E,-dependent and -independent CIA
interaction with ERa (Fig. 6B). As shown in Fig. 6C, mutation
of two conserved leucine residues within the coactivator LxxLL

MoL. CELL. BIOL.

motif (CIAm1) abolished E,-inducible CIA-ERa interaction.
However, basal ligand-independent CIA-ERa« interaction was
only slightly affected by these mutations. On the other hand,
mutant CIAm2, which contains a mutation of the first isoleu-
cine residue of the corepressor ®xxPP motif, displayed almost
no interaction. We next tested the ability of each mutant to
potentiate ERa transcriptional activity in transient-transfec-
tion assays (Fig. 6D). In agreement with the results obtained
with the in vitro interaction assay, both mutants were unable to
enhance ERa transactivation. Taken together, these results
demonstrate that both overlapping LxxLL and ®xx®d core
motifs are required for full functionality of the CIA-nuclear
receptor interaction determinant.

Given the observation that the ®xx®® core motif present in
CIA is required for interaction, we next tested the possibility
that the ERa AF-2 helix is dispensable for CIA interaction. To
verify this hypothesis, three ERa AF-2 mutants were tested for
the ability to interact with CIA using GST pull-down assays. As
shown in Fig. 7A, mutant ERa™**, which has been previously
shown to be unable to interact in a ligand-dependent fashion
with the SRC-1 coactivator (59, 63), displays both ligand-inde-
pendent and -dependent binding to CIA. Similarly, mutant
ERaF¥*2K in which the glutamic acid residue involved in form-
ing the charge clamp required for AF-2 function is replaced by
a lysine residue, displays stronger ligand-dependent interaction
while still being inducible by E, (Fig. 7A). Since interaction of
distinct NR boxes has been shown to depend on specific resi-
dues within the different AF-2 motifs (9), we further tested
CIA interaction with an ERa mutant lacking the entire AF-2
helical motif. As shown in Fig. 7A (bottom), mutant ERa”*>",
which lacks AF-2, exhibits both stronger ligand-independent
and -dependent interactions with CIA, as expected if CIA
utilizes the corepressor-like ®xxPdP core motif in its interac-
tion with ERa. Finally, to confirm these results in vivo, tran-
sient transfections were performed using the ERa™"* AF-2
null mutant (Fig. 7B). When ERa'** was cotransfected with
SRC-1, ligand-dependent transactivation could not be re-
stored. In contrast, when the ERa AF-2 mutant was cotrans-
fected with CIA, enhancement of ligand-dependent transacti-
vation activity could still be observed.

CIA interaction with hERa is differentially regulated by
SERMs. The finding that CIA appears to possess a bifunc-
tional nuclear receptor recognition motif that may allow it to
recognize nuclear receptors in both corepressor-receptive
(ligand- and AF-2-independent) and coactivator-receptive
(ligand-dependent) modes combined with the observation that
CIA is expressed at high levels in human breast cancer cells
(data not shown) led us to test the abilities of different SERMs
to modulate CIA-ERa interactions using pull-down experi-
ments. As shown in Fig. 8, addition of either OHT or RAL had
no effect on basal CIA-ERa interactions (lanes 5 and 7) but
completely abrogated the E,-induced interactions (lanes 6 and
8). Remarkably, the addition of ICI 182,780 and EM-652,
SERMs that function as pure antiestrogens in both the breast
and the uterus, led to an increase in CIA-ERa interaction
(lanes 9 and 11) and are inefficient at blocking the E,-induced
interaction (lanes 10 and 12). These results show for the first
time the abilities of distinct classes of SERMs to differentially
regulate the interaction of a specific coactivator with ERa
LBD.
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DISCUSSION

In this report, we describe the identification and functional
characterization of a novel nuclear receptor coregulator re-
ferred to as CIA. CIA is distinct from other known coregula-
tors in that it possesses a BID for the nuclear receptor recog-
nition consisting of overlapping ®xx®® and LxxLL core
motifs. This bifunctional motif allows CIA to bind specifically
to the orphan nuclear receptors Rev-erbA and RVR that lack
an AF-2 domain and to ERa in a ligand-dependent but AF-
2-independent manner. These observations indicate that hor-
mone binding can create a functional coregulator interaction
surface in the absence of the AF-2 helix and suggests an evo-
lutionary path through which the LBD could have progres-
sively adapted to both corepressor and coactivator binding in a
ligand-regulated manner.

Initial analysis of the CIA sequence revealed little informa-
tion about its putative role and mechanism of action. As shown
in Fig. 1B, the only identifiable motifs are an RD-rich region
and overlapping ®xx®® and LxxLL core motifs. The cluster of
RD represents a highly hydrophilic region of alternating pos-
itively and negatively charged residues which are most like-
ly exposed at the surface of the protein. The coactivator
TRAP220/DRIP205 also contains such an RD-rich region,
which is only 14 amino acids long and was suggested to be
involved in either oligomerization of the protein or DNA bind-
ing (48, 60). It is possible that it plays a similar role in CIA,
although the RD-rich domain is considerably longer. On the
other hand, the ®xx®®P and LxxLL core motifs have been
clearly shown to mediate ligand-independent and -dependent
interactions between nuclear receptors and corepressors and
coactivators, respectively. Indeed, recent studies have shown
that a key feature of hormone signaling consists of a ligand-
dependent coregulator exchange in which the AF-2 domain
and both the &xx®P® and LxxLL core motifs play a predomi-
nant role (reviewed in reference 21). In this model, the pres-
ence of the AF-2 helix is inhibitory to corepressor binding but

is critical for coactivator interaction. Strikingly, CIA appears to
interact in a ligand-dependent fashion with nuclear receptors
through a related but distinct mechanism. First, the sequence
of the CIA BID can be simultaneously aligned with both the
LxxLL motifs present in many coactivators and the ®xxdd
motifs present in the corepressors N-CoR and SMRT (Fig.
6A). Mutational analysis showed that the carboxy end of the
extended helix is required for ligand-dependent interaction
with ERa but not for basal contact with CIA. However, the
amino end of the helix is important for both basal and ligand-
enhanced CIA interactions with ERa. These results suggest
that while being bifunctional, the CIA BID helix functions as
an integrated unit. Second, ligand-enhanced ERa-CIA inter-
action does not require intact AF-2 since CIA still interacts
with the ERa™3%4, ERa™**¥, and ER«*>" mutants, suggest-
ing that the ligand-induced charged-clamp model does not
apply to the CIA BID helix. Interestingly, dissection of the
LxxLL core motif using combinatorial peptide libraries has
shown that a certain class of synthetic LxxLL-containing pep-
tides, referred to as class III LxxLL motifs, interacts strongly
with AF-2 ERa mutants (9). Class III LxxLL motifs are pre-
ceded by a serine or threonine and an isoleucine or leucine and
can be found in the RIP140 coactivator and the orphan nuclear
receptors SHP and DAX-1. Therefore, the class III motifs may
play a role in the interaction of these proteins with ERs. How-
ever, the sequence of the CIA BID does not match the con-
sensus for class IIT LxxLLL motifs as defined in that study (9).
Third, the CIA BID helix is not analogous to the extended
helices present in N-CoR which constitute high-affinity inter-
action determinants with the unliganded RARs and T5Rs (47).
In particular, the spacing of the hydrophobic residues is clearly
distinct between CIA BID and the N-CoR extended helices
(Fig. 6A). Thus, while the molecular mechanism of ERa-CIA
contact is more similar to that of corepressor interaction with
nuclear receptors, it is evidently distinct from it, since ligand
binding promotes association instead of dissociation of the
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FIG. 6. Both ®xx®d and LxxLL core motifs participate in the CIA-ERa interaction. (A) Sequence alignment of p160 family member
coactivator LxxLL and SMRT/N-CoR corepressor ®xx®® core motifs with the CIA BID. (B) Sequence of the CIA BID. Bold highlights indicate
residues that have been mutated in CIAm1 (boxed LxxLL motif) and CIAm2 (boxed ®xxdP motif). (C) Ligand-dependent interaction between
GST-CIA and *S-labeled ERa (lanes 3 to 6) is disrupted by mutation of the LxxLL motif in CIAm1. Basal and ligand-independent interactions
between GST-CIA and **S-labeled ERa (lanes 7 and 8) are disrupted by mutation of the ®xx®® motif in CIAm2. (D) Coactivator function of
CIA mutants assayed in vivo. Transfections were performed with COS-1 cells using the pS2-Luc reporter and pCMX-based expression vectors as
described in Materials and Methods. Transfected cells were treated with either 107® M E, or the carrier (ethanol) for 24 h postinfection.

coregulator. Taken together, these observations demonstrate
that the CIA BID represents a novel class of nuclear receptor
recognition determinants.

Structural studies and the use of a combinatorial phage
display approach to dissect determinants of coactivator-nu-
clear receptor interactions have further demonstrated that the
ability of coregulators and synthetic peptides to interact with
ER is regulated by the characteristics of the bound ligand (7, 9,
45, 53). This property of coregulator-nuclear receptor interac-
tions could potentially be used to classify natural compounds
and drugs according to their abilities to promote interactions
between nuclear receptors and selected recognition determi-
nants. Here we have shown that the interaction of CIA with
ERa is differentially regulated by SERMs. Both EM-652 and
ICI 182,780, which have been characterized as pure antiestro-
gens in reproductive tissues (34, 57, 62), effectively promote
CIA binding to ERa (Fig. 8). On the other hand, RAL and
OHT clearly antagonize CIA-ERa interaction. These results
indicate that EM-652 and ICI 182,780 influence coregulator
binding to ERa in a manner that is different from that of RAL

and OHT, thereby placing these two sets of compounds in truly
distinct mechanistic classes.

Transient-transfection experiments clearly support a role for
CIA as a ligand-dependent coactivator of ERs (Fig. 4). CIA is
also expressed in breast cancer cell lines (data not shown),
indicating that it may have a role in modulating the response of
ERs to estrogens and antiestrogens in hormone-dependent
cancers. Paradoxically, the pure antiestrogens EM-652 and ICI
182,780, while promoting CIA-ERa« interaction in vitro, do not
enhance ERa transcriptional activity when cotransfected with
CIA in COS cells (data not shown). Similarly, transfection of
CIA did not reverse the constitutive repressor activity of RVR
and Rev-erbA. These results suggest that the interactions be-
tween ERa and CIA in the presence of EM-652 or between
CIA and RVR or Rev-erbA in the absence of a known ligand
may not lead to the formation of transcriptionally competent
complexes. Structure-function analyses of CIA have revealed
that CIA possesses autonomous repression domains (Fig. 5).
Taken together, these results indicate that CIA may not only
contain a bifunctional nuclear receptor interaction determi-
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nant but could also play both positive and negative roles in
regulating nuclear receptor functions. This hypothesis is in
agreement with the recent characterization of mouse Zacl, a
promoter- and cell line-dependent dual transcriptional coacti-
vator and corepressor of nuclear receptors (29). Further stud-
ies will not only define more precisely the functional and phys-
iological significance of CIA-ER and CIA-Rev-erbA
interactions, but the isolation of CIA could prove to be an
important tool for the identification of ligands for members of
the Rev-erbA family of orphan nuclear receptors.

Based on the results presented here, we conclude that CIA
represents a novel class of ligand-regulated coactivators that
mediates their action independently of AF-2 integrity. This
study and the many recent studies cited above have clearly
demonstrated that small variations on a common theme, the
OxxPP and LxxLL motifs, can generate tremendous diversity
in the mechanisms and specificity of ligand-regulated coregu-
lator-nuclear receptor interactions. Thus, identification and

i GST GST-CIA
- OHT RAL ICl EM-652
E2 + = + - + - & - o+ - o+

ERo. .

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 8. CIA interaction with ERa is differentially regulated by
SERMs. Ligand-dependent enhancement of the CIA-ER« interaction
(lanes 3 and 4) is inhibited by the partial antagonists OHT and RAL
(compare lanes 6 and 8 with lane 4) but is not significantly altered by
the pure antiestrogens ICI 182,780 and EM-652 (compare lanes 10 and
12 with lane 4).

e mme

characterization of novel coactivators such as CIA are impor-
tant to promote our understanding of nuclear receptor tran-
scriptional regulation. Better comprehension of this regulation
will help in the development of a global scheme of nuclear
receptor action in development, physiology, and disease states
and will ultimately be used to design fitting therapies.
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